The comparison of gene expression measurements obtained with different technical approaches is of substantial interest in order to clarify whether interplatform differences may conceal biologically significant information. To address this concern, we analyzed gene expression in a set of head and neck squamous cell carcinoma patients, using both spotted oligonucleotide microarrays made from a large collection of 70-mer probes and commercial arrays produced by in situ synthesis of sets of multiple 25-mer oligonucleotides per gene. Expression measurements were compared for 4425 genes represented on both platforms, which revealed strong correlations between the corresponding data sets. Of note, a global tendency towards smaller absolute ratios was observed when using the 70-mer probes. Real-time quantitative reverse transcription PCR measurements were conducted to verify expression ratios for a subset of genes and achieved good agreement regarding both array platforms. In conclusion, similar profiles of relative gene expression were obtained using arrays of either single 70-mer or multiple short 25-mer oligonucleotide probes per gene. Although qualitative assessments of the expression of individual genes have to be made with caution, our results indicate that the comparison of gene expression profiles generated on these platforms will help to discover disease-related gene signatures in general.
Today, researchers can choose from a broad variety of methods for global transcriptional profiling. Among the different technical approaches, microarray technology has gained a premier position. In principle, microarrays can be produced either by robotic printing ('spotting') of DNA on a chemically modified glass surface, 1 or by in situ synthesis of oligonucleotides via custom phosporamidite chemistry using either photolithography on a silanereacted quartz substrate 2 or ink-jet technology on a hydrophobic glass support. 3 Spotted arrays usually contain cDNA-specific PCR amplicons (cDNA arrays), ranging from several hundred to a few thousand basepairs in size. Generally, no more than one amplicon is used to probe a given gene. Although they are technically challenging and require both optimized protocols 4 and workflow, 5 cDNA arrays are typically produced by individual research groups or core facilities. Alternatively, they can be purchased from several commercial suppliers. But after the discovery of frequent discrepancies in the annotation of cDNA clones, 6 investigators began to realize potential drawbacks of this highly advocated technology. In situ synthesis of oligonucleotide probes requires sophisticated equipment for photolithography and solid phase chemistry, which is usually too complex and elaborate for an academic environment. A widespread commercial implementation of this technology is the Affymetrix GeneChip platform, 2 which currently uses 11-16 pairs (11 for the arrays used in this study) of perfect-match and single-basemismatch 25-mer oligonucleotides for each gene. Recently, large collections of longer oligonucleotides (50-80 bases), produced by established suppliers using conventional phosphoramidite chemistry, have become increasingly popular as probes for spotted DNA arrays. Technical advantages of oligonucleotide arrays include a constant DNA concentration across all spots and biophysically optimized sequences, reducing secondary structures, avoiding repetitive sequence motives and providing a fixed range for both T m and length. All this accounts for more uniform, stable and predictable hybridization conditions. The overall costs for long oligonucleotide arrays will often be lower when labor and other costs associated with cDNA libraries, such as replication, amplification or sequence verification, are regarded.
Considering this diversity of approaches and the resulting technical differences, researchers are highly interested in the general accuracy and reliability of microarray data and the cross-platform comparability. Several independent methods like Northern blotting or real-time quantitative reverse transcription-PCR (RQ-PCR) have been used to validate microarray results for a small number of transcripts. Generally, there was a good agreement between the corresponding values, affirming the ability to accurately profile gene expression with array-based approaches.
Former studies also compared global expression measurements between cDNA arrays and short oligonucleotide arrays 7, 8 or SSH. 9 Recently, Barczak et al 10 compared results between spotted arrays of 70-mer oligonucleotides and in situ synthesized Affymetrix GeneChip arrays. Using RNA of a cell line and a commercial reference RNA, they found strong correlations of the corresponding data sets. Despite these studies clarifying some fundamental questions, there still remains considerable uncertainty regarding the comparability of data from clinical specimens. As this lack of understanding constitutes a barrier, which keeps researchers from an immense amount of potentially valuable information (via efficient integration of microarray data generated on different array platforms), we conducted a comparison with tumor samples from clinical practice, which evaluates cross-platform reproducibility in a practical setting.
Materials and methods

Experimental Design
To assess the degree of concordance between expression profiles obtained with either spotted oligonucleotide microarrays made from a large collection of 70-mer probes or commercial arrays produced by in situ synthesis of sets of multiple 25-mer oligonucleotides per gene, we analyzed relative gene expression in a set of six human head and neck squamous cell carcinoma (HNSCC) samples vs either healthy control mucosa (n ¼ 4) or lymph node metastases (n ¼ 2) of the respective patients as the reference (Table 1) . For the spotted 70-mer arrays, relative expression levels were calculated by averaging the normalized log 2 -ratios of two replicate two-color hybridizations per patient, one performed with inverse assignment of fluorophores (dye swap). This procedure was used to eliminate dye-related signal correlation bias. 11, 12 For the commercial 25-mer arrays, relative expression levels were derived by subtracting normalized log 2 -transformed probelevel data (fluorescence intensities) of two singlecolor hybridizations per patient, corresponding to the respective tumor and reference tissue.
Patient Characteristics and Tissue Samples
Tissue samples from six patients were obtained during 1998-2002 from patients undergoing surgical resection at the Department of Otorhinolaryngology, JW-Goethe Universität Frankfurt. All cases were diagnosed histopathologically as HNSCC and staged according to the TNM classification of malignant tumors, 13 based on criteria recommended by the 'Union International contre le Cancer' (UICC) ( Table 1) . Hypopharynx  48  M  3  1  0  2  PT/N  171  Hypopharynx  58  M  3  2a  0  2  PT/M  173  Oropharynx  56  M  3  2  0  2  PT/N  180  Hypopharynx  57  M  2  3  0  2  PT/N  186  Hypopharynx  47  F  2  2  0  2  PT/N  205  Oropharynx  49  M  3  1  0  2 PT/M a All cases were diagnosed histopathologically as HNSCC and staged according to the TNM classification of malignant tumors. The indicated tissues were used for gene expression profiling. N: normal mucosa, PT: primary HNSCC, M: lymph node metastasis.
The study protocol was approved by the local ethics committee after obtaining the patients' informed consent to participate in the study, and was processed anonymously. Grade 2 HNSCC specimens, corresponding healthy control mucosa surrounding the tumor and lymph node metastases were surgically resected, immediately frozen in liquid nitrogen and stored at À801C. The neoplastic specimens contained 480% tumor tissue and o10% necrotic debris.
RNA Extraction
Frozen tissue samples (30-50 mg) were combined with 1 ml Trizol (Invitrogen, Karlsruhe, Germany) and dispersed using an Ultra-Turrax T25 tissue homogenizer (IKA Werke, Staufen, Germany). Total RNA was extracted according to the recommendations given by the Trizol protocol and further purified on RNeasy Mini spin columns (Qiagen, Hilden, Germany). Integrity and purity of total RNA were assessed on a Bioanalyzer 2100 (Agilent Technologies, Boeblingen, Germany) using a RNA 6000 Nano LabChip Kit (Agilent) according to the manufacturer's instructions.
Preparation and Postprocessing of Spotted Oligonucleotide Arrays
Synthetic 70-mer oligonucleotides ('Human Genome Oligo Set Version 2.1'; consisting of 21 329 oligonucleotides representing human genes and transcripts plus 24 controls, as well as 'Human Genome Oligo Set Version 2.1 Upgrade', consisting of 5462 human 70-mer probes) were purchased from Operon Technologies (Cologne, Germany) and dissolved in FBNC spotting buffer (Formamide, Betaine, NitroCellulose) 4 at 40 mM, using a MiniTrak robotic liquid handling system (Perkin Elmer, Rodgau-Juegesheim, Germany). DNA spotting was performed in duplicates on Nexterion Slide E epoxysilane coated slides (SCHOTT Nexterion, Mainz, Germany) using a VersArray ChipWriter Pro microarrayer (Bio-Rad, Munich, Germany) equipped with Stealth SMP3 Micro Spotting Pins (Telechem, Sunnyvale, USA). Spot centers were 129 mm apart. DNA adhesion to the glass surface was accomplished by 1 h incubation at 601C, followed by UV irradiation (2 Â 120 mJ/ cm 2 at 254 nm) in a Stratalinker Model 2400 UV illuminator (Stratagene). Just prior to hybridization, slides were washed for 2 min in 0.2% SDS (w/v), 2 min in ddH 2 O at room temperature and 2 min in boiling ddH 2 O (951C), followed by 3 min centrifugation at 2000 r.p.m.
Target Preparation for Spotted Oligonucleotide Arrays
Fluorescent antisense cDNA was prepared from 2 mg total RNA as described elsewhere. 12 Briefly, the mRNA content was linearly amplified by in vitro transcription ('T7 amplification'). The resulting aRNA was subsequently converted to cDNA and labelled by dye-dUTP incorporation using Klenow fragment.
Hybridization of Spotted Oligonucleotide Arrays
Corresponding dye-labelled cDNA samples were combined and purified on Microcon YM-30 filter columns (Millipore, Eschborn, Germany), as previously described.
14 For blocking of repetitive sequence elements, 25 mg C 0 t-1 DNA (Roche Diagnostics), 25 mg poly-A RNA (Sigma) and 75 mg yeast tRNA (Sigma) were added before the final washing step. Purified, dye-labeled cDNA was mixed with 120 ml UltraHyb hybridization buffer (Ambion), agitated for 30-60 min at 601C, then for 10 min at 701C on a thermo mixer and subsequently applied to preheated (601C) microarrays mounted in a Gene-TAC Hybridization Station (Genomic Solutions, Ann Arbor, USA). Hybridizations were performed for 16 h at 421C with gentle agitation. Thereafter, the arrays were automatically washed at 361C with (i) 0.5 Â SSC, 0.1% (w/v) SDS for 5 min; (ii) 0.05 Â SSC, 0.1% (w/v) SDS for 3 min; (iii) 0.05 Â SSC for 2 min. Flow time was set to 40 s, respectively. Immediately after completion of the final washing step, the arrays were unmounted, immersed in 0.05 Â SSC, 0.1% (w/v) Tween 20 and dried by centrifugation in 50 ml Falcon tubes (30 s at 500, 1000 and 1500 r.p.m., respectively, followed by a final step of 90 s at 2000 r.p.m.).
Scanning, Image Analysis and Data Processing of Spotted Oligonucleotide Arrays
Hybridized microarrays were scanned at 5 mm resolution and variable PMT voltage to obtain maximal signal intensities with o0.1% probe saturation, a count ratio of 0.8-1.2 (Cy5/Cy3) and maximal congruence of histogram curves, using a GenePix 4000B microarray scanner (Axon Instruments, Union City, USA). Subsequent image analysis was performed with the corresponding software GenePix Pro 5.0. Spots not recognized by the software were excluded from further considerations. Result files containing all relevant scan data were further processed using the open source statistical software environment R (http://www.r-project.org) 15 together with libraries (packages) of the Bioconductor project (http://www.bioconductor.org). 16 Raw fluorescence intensities were normalized applying variance stabilization. 17 To eliminate low-quality data, the data points were ranked according to spot homogeneity, as assayed by the ratio of median-tomean fluorescence intensity, the ratio of spot-tolocal background intensity and the standard deviation of the logarithmic ratios (log 2 Cy5/Cy3) between spot replicates. Those data points ranked among the lower 20% were removed from the data set. Genes that could not be quantified in more than 33% of all experiments after filtering were excluded as well. To combine the data of dye swap experiments, the log 2 -transformed intensity ratios of one array were inverted and averaged with the corresponding values of the other array. 
Matching of Oligonucleotide Probe Sequences
The Bioconductor R package AnnBuilder 21 and GenBank accession numbers, provided by Affymetrix and Operon, were used to map probe sequences to corresponding UniGene clusters (build #175). Microarray data were only used if the Affymetrix probe set and the Operon probe corresponded to the same UniGene cluster from the intersection of both platforms (n ¼ 4425). For simplicity, if probe sets (Affymetrix) mapped to multiple UniGene clusters or if several probes (Operon) or probe sets (Affymetrix) mapped to the same UniGene, they were excluded from further analyses.
Statistical Analyses
To investigate the linear relationship between data points in Figure 2 , regression lines were determined by minimizing the sum of squares of the Euclidean distance of points to the fitted line ('orthogonal regression'), as there is no clear assignment of dependent and independent variables. Correlations were estimated using the Pearson correlation coefficient together with its 95% confidence interval. An optional filtering procedure additionally excluded those data points considered unreliable as they correspond to probes associated with signal intensities less than two standard deviations above local background for at least one channel of the pair of Operon chips or to probe sets with mean log 2 expression values below the median for all probe sets of the pair of GeneChips. 10, 22 We chose this strategy in order to extract high-quality data from both array platforms as a sound foundation for quantitative comparisons. More sophisticated filtering based on variance rather than absolute expression levels was not applied due to the deliberate shortage of replicates. Expression ratios of genes with a signal close to the background (low abundance) in only one of the two investigated conditions are clearly significant in a biological context. They were, however, considered less appropriate to this comparative study, as their results were expected to carry an increased and mathematically inevitable degree of variation not caused by characteristics of the investigated platforms.
Identification of differentially expressed genes was performed by empirical Bayes inference for paired data. 23 Moderated t-statistics, based on shrinkage of the estimated sample variance towards a pooled estimate and corresponding P-values, were calculated using the Bioconductor R package limma.
24 P-values were adjusted according to the method proposed by Benjamini and Hochberg 25 to control the false discovery rate at a level of 10%. The magnitude of the effects as well as the corresponding P-values are illustrated as volcano plots. 26 To remove systematic variation resulting from the different technical approaches of the investigated array platforms or differences in sample handling procedures between the two labs participating in this study, 'Distance Weighted Discrimination (DWD)' 27 was performed on normalized log 2 -ratios from both array platforms, using Matlab software freely available at https://genome.unc.edu/pubsup/ dwd/. Further details about cross-platform adjustment of microarray data can be obtained at /http:// genome.med.unc.edu:8080/caBIG/DWDNCI60.htmS and /http://genome.med.unc.edu:8080/caBIG/paper1. pdfS. Identification of differentially expressed genes and DWD were only performed for spots with quantified log 2 -ratios in all four primary HNSCC vs normal mucosa experiments.
Gene ontology (GO) 28 data mining was performed using the GOCharts functionality of the 'Database for Annotation, Visualization and Integrated Discovery (DAVID)', 29 which is available at http://david.niaid. nih.gov/david/. Overrepresentation analysis was carried out with the software application 'Expression Analysis Systematic Explorer (EASE)', 30 downloaded from http://david.niaid.nih.gov/david/ ease.htm.
Real-Time PCR Analysis
For selected genes (Table 2) , changes in mRNA levels detected in microarray experiments were evaluated by reverse transcription (RT) and quantitative real-time PCR analysis, using the iCycler (BioRad, Munich, Germany). In all, 1 mg of total RNA was converted to cDNA using Superscript II reverse transcriptase (Invitrogen) and oligo(dT) primer, according to the manufacturer's specifications. PCR reaction mixtures consisted of 12.5 ml of 2 Â iQt SYBR s Green Supermix (Abgene, Hamburg, Germany), 0.5 ml of each 10 mM target primer and 1 ml diluted cDNA template (1:10) in a reaction volume of 25 ml. Thermal cycling conditions comprised an initial denaturation step of 15 min at 951C, 40 cycles of 30 s at 951C and 30 s variable annealing/elongation temperature, depending on the respective set of target primers. dsDNAspecific fluorescence was measured at the end of each extension phase. Product-specific amplification was confirmed by a melting curve analysis. The relative expression ratio (R) of a target gene was calculated using the equation
based on its real-time PCR efficiencies (E) and the crossing point (CP) differences of sample vs a control, and expressed in comparison to a reference gene. 31 The target gene expression was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Accession Numbers
All relevant data from this study are available from GEO 32 (http://www.ncbi.nlm.nih.gov/geo) under the accession numbers GPL96 and GPL1384 (for the array platform), GSM29702-GSM29705, GSM29747-GSM29758, GSM29808-GSM29813, GSM29818 and GSM29820 (for expression data from individual arrays) as well as GSE1722 (for the experimental series).
Results
Probe Matching
We analyzed the gene expression profiles of 12 specimens obtained from six head and neck cancer patients (Table 1) . Four primary HNSCC were assayed vs corresponding healthy mucosa and another two primary HNSCC vs corresponding lymph node metastases of the respective patients.
This analysis was performed both on in situsynthesized Affymetrix HG-U133A arrays, containing 22 283 sets of 25-mer probes, and on spotted long oligonucleotide arrays containing 26 791 70-mer probes of the Operon Human Genome Oligo Set Version 2.1 and Version 2.1 Upgrade. A total of 9867 UniGene clusters were found for the probe sets of the HG-U133A arrays, while 13 604 were retrieved for the Operon arrays, using GenBank accession numbers provided by the manufacturers. A total of 4425 genes were represented on both platforms, as identified by consistent assignment of UniGene clusters to the corresponding probes or probe sets. We used this large set of genes as a basis for comparing expression data from the two array systems (Figure 1 ).
Intraplatform Reproducibility of Expression Ratios
For the platform of spotted long oligonucleotide arrays, correlations of expression ratios measured on individual arrays were r ¼ 0.99 for identically repeated hybridizations and r ¼ À0.98 for dye swap hybridizations repeated with inverse assignment of fluorophores (data not shown). Similar correlations Figure 1 Intersection of probes or probe sets from the different array platforms. Probe sequences were mapped to UniGene clusters (build #175), based on GenBank accession numbers provided by the manufacturers. A total of 9867 UniGene clusters were found for the probe sets of the HG-U133A arrays, while 13 604 were retrieved for the Operon arrays. A total of 4425 genes were represented on both array types.
Comparison of oligo microarray platforms J Schlingemann et al had been reported for the Affymetrix system. 33 Hence, both array platforms provide highly reproducible measurements of gene expression profiles, which is an essential prerequisite for the success of a cross-platform comparison.
Cross-Platform Reproducibility of Expression Ratios
Normalized log 2 -transformed absolute signal intensities were calculated for the arrays from both platforms using variance stabilization by vsn. 17 For GeneChip arrays, log 2 expression ratios were obtained by subtracting log 2 -transformed absolute signal intensities of the two respective arrays from each patient. For the spotted long oligonucleotide array, log 2 -ratios from two-color dye swap hybridizations were inverted and averaged. To ensure that the observed effects were not due to characteristics of the data processing algorithm, we repeated the analyses of GeneChip arrays using background correction and normalization by gcRMA 20 as well as the MAS5 algorithm. 19 For all patients, there was a clear correlation between differential expression measurements made with either array type (r ¼ 0.56-0.76), and the correlation improved substantially (r ¼ 0.61-0.85) when measurements from probes with low-intensity signals were excluded (Figure 2 ). Except for patients 160 and 186, the respective regression lines all showed a slope clearly smaller than 1, indicating that, on average, absolute log ratios obtained on the Operon long oligonucleotide platform were lower than the corresponding values measured with Affymetrix arrays. The changes in correlation were marginal when gcRMA was used to normalize the GeneChip results. MAS5 yielded lower correlations with unfiltered data, but the results were similar to those of vsn or gcRMA when filtered data were used (Table 3 ). As the samples were processed at different institutions and assayed using different array platforms and protocols, considerable systematic biases were expected to be manifested in the data sets as differences in gene expression patterns. In order to identify and adjust systematic biases imposed by characteristics of the different array platforms, we used the method of DWD. 27 Following this procedure, there was a clear improvement in the correlations of relative expression measurements ( Table 4) . As before, correlations obtained after normalization by MAS5 were lower than the respective values generated with vsn or gcRMA, unless low-intensity signals were excluded from the analyses. The respective orthogonal regression lines showed little if any change in slope when the data from both platforms had been normalized by the vsn algorithm. Moderate changes were detected upon DWD in case gcRMA had been used to normalize Affymetrix data, whereas normalization by MAS5 tended to cause more severe variation. On average, the slopes were closest to 1 when vsn was used to normalize the Affymetrix data and deviated the most from 1 upon normalization by MAS5. As expected, systematic bias correction by DWD shifted the slopes towards one in almost all cases (Table 4 ).
Significant Differences and Similarities
A different approach to detect differences between the two array systems is to compare the sets of genes identified as differentially expressed. In Figure 3 , volcano plots 26 show the log 2 -ratios of those 2861 genes consistently detected in the four primary HNSCC vs normal mucosa experiments and their respective P-values. The two platforms identified similar numbers of differentially expressed genes (Z2-fold difference), both regarding raw P-values (Pr0.001) or FDR-adjusted P-values (adj. Pr0.1).
25
There were 45 genes identified as differentially expressed in all tumor samples on the Affymetrix platform, 53 were scored on Operon arrays, and the intersection contained 21 genes discovered on both systems (Table 5, Figure 4a) . Plotting of the corresponding mean log ratios (Figure 4b ) revealed that even genes scored by only one of the systems generally showed the same direction, but not the same degree of differential expression on the other. GO data mining 29 for 'biological process' (at level 3) assigned the majority of annotated genes from each platform to cell growth and/or maintenance as well as various metabolic pathways ( Figure 5 ). However, using the software EASE, 30 which performs a statistical analysis of the GO categories assigned to the differentially expressed genes, accounting for Comparison of oligo microarray platforms J Schlingemann et al the distribution of GO categories in the list of all analyzed genes to find those categories that are the most overrepresented (and can therefore be described as 'themes'), revealed a trend towards components of the extracellular matrix for both of the platforms. Furthermore, genes involved in lipid metabolism were significantly overrepresented only among the differentially expressed genes identified on the Affymetrix system, whereas the Operon platform additionally detected genes engaged in ion binding (Table 6 ).
RQ-PCR Analysis
For a small subset of genes, we verified differential expression measurements by RQ-PCR analysis (Figure 6 ). There was good qualitative agreement between the values determined by either GeneChip arrays, Operon arrays or RQ-PCR. All platforms showed the same direction of regulated gene expression. However, the magnitude of differential expression differed considerably depending on both the experimental approach and the algorithm Figure 3 Volcano plots of P-values against log 2 -transformed expression ratios. Mean log 2 -ratios of tumor vs reference samples are shown on the x-axis. The corresponding P-values of significance, derived by empirical Bayes inference (a, b) or empirical Bayes inference and subsequent adjustment to control the FDR (c, d), are displayed on the y-axis. Results are shown for those 2861 genes consistently detected in the four primary HNSCC vs normal mucosa experiments. The plots were segmented to illustrate the relation of statistical significance (Pr0.005, adj. Pr0.1) to significance based on a two-fold change criterion. Only genes indicated by spots in the upper left and right segments of the plots satisfy both criteria, their numbers explicitly shown. Genes located in the lower left and right segments display a large fold-change but fail to achieve statistical significance. Genes found in the middle segments show no relevant difference of expression, with (upper segments) or without (lower segments) additional statistical significance associated with this observation.
Comparison of oligo microarray platforms J Schlingemann et al Differentially expressed genes were selected from a subset (n ¼ 2861) consistently detected in the four primary HNSCC vs normal mucosa experiments. a log 2 -transformed expression ratios were averaged within each platform. b Corresponding P-values of significance derived by empirical Bayes inference and subsequent adjustment to control the FDR. c To be scored as differentially expressed (D exp), genes had to satisfy both statistical significance (Pr0.1) and significance based on a two-fold change criterion. applied for normalization. Firstly, GeneChip intensity measurements were transformed by variance stabilization (vsn), which was also used for the long oligonucleotide arrays and derives an approximately constant variance along the complete intensity range. 17 Normalization was additionally accomplished employing the MAS5 algorithm from the current version of the Affymetrix Microarray Suite software package. 19 At least for the small number of genes and patients shown here, there is a tendency for higher ratios with vsn normalization.
Discussion
The comparison of gene expression measurements obtained with different technical approaches or different implementations of a proven technology is of considerable interest to researchers from all fields of the biological and biomedical sciences. Several studies have addressed this topic, with rather heterogeneous results.
Recently, Mah et al 8 compared absolute expression levels quantified on Affymetrix short oligonucleotide and radioactively labeled cDNA-based filter arrays. The expression values from the two technologies showed merely poor correlations. Tan et al 34 evaluated the performance of three commercial microarray platforms and found only modest correlations when comparing both absolute and relative gene expression measurements. Strikingly, log 2 -ratios from the two platforms using short oligonucleotide probes and biotinylated cRNA targets 36 observed reasonable correlations of log 2 -ratios. Interestingly, the correlation between the two different cDNA platforms (r ¼ 0.73) was weaker than the correlations between the commercial or custom-made cDNA arrays and the Affymetrix system (r ¼ 0.84 and 0.76, respectively). A recent study by Tan et al, 34 showing very poor correlation between Affymetrix, Amersham and Agilent arrays, came to broad public attention 37 and raised general concerns regarding the comparability of expression data across labs and platforms.
A different approach to review the possibility for meaningful translation of microarray data is metaanalysis of extensive data sets of similar type, produced in different labs and on different platforms. [38] [39] [40] Since many additional parameters such as classification of the samples or individual laboratory practices influence the outcome of these studies, the results are rather inconclusive concerning comparability on the technological level. Generally, at least common patterns and/or groups of genes could be confirmed.
Aside from meta-analyses, the above-mentioned studies were usually based on data generated with homogeneous cell lines and by averaging over several technical replicates. We intended to increase the practical significance of our evaluation by the Figure 4 Summary of genes scored as differentially expressed with either one or both evaluated platforms. (a) Venn diagram showing subsets of genes that exhibit a significant differential expression with either technology, taken from a pool that contained only those genes that could repeatedly be quantified in the four primary HNSCC vs normal mucosa experiments. (b) log-log plot illustrating the relationship of the log-ratios for the 77 genes shown in (a).
Comparison of oligo microarray platforms J Schlingemann et al use of clinical samples in combination with modest technical replication (two single arrays per patient for the Affymetrix platform and two dye swap replicates per patient for the spotted oligonucleotide arrays). Additionally, we kept the protocols for target preparation as comparable as possible. Since the Affymetrix platform utilizes biotinylated cRNA generated by in vitro transcription (IVT), we decided to employ a linear, IVT-based amplification and labelling protocol for the spotted oligonucleotide arrays instead of the usual dye-labelling by reverse transcription. Recently, we showed that this novel procedure generates highly reproducible expression profiles with down to 2 ng of starting material. 12 We could also demonstrate that the correlation of expression ratios obtained with spotted oligonucleotide arrays is higher between replicate amplified sample pairs than between amplified and RTlabelled sample pairs or replicate RT-labelled sample pairs. Accordingly, one can expect that consistent target amplification would also be beneficial, if expression ratios are to be compared across platforms. Comparative studies that do not account for this consideration might introduce additional systematic bias, resulting in reduced agreement between platforms.
To match the probes from the two platforms, we used accession numbers provided by Affymetrix and Operon and mapped them to the current version of the UniGene database. Although provided by both manufacturers, transcript identifiers from the RefSeq collection 41, 42 were not chosen for matching the platforms, since reference sequences can change through consolidation of the database. Recently, Mecham et al 43 showed that up to 50% of Affymetrix probes do not have a matching sequence in the current version of RefSeq. Despite these considerations, platform matching by RefSeq identifiers yielded approximately similar and partly even improved results in terms of cross-platform correlation (9922 genes could be assigned as represented on both platforms, correlations of unfiltered log 2 -ratios were r ¼ 0.66 -r ¼ 0.81; data not shown). Evolution of the UniGene database (accession numbers that were removed due to misalignment or retraction by their submitters; UniGene clusters that were retired as they could be joined or split) and the associated loss of cross-references may also explain why we identified less genes common to both array types than previously reported by Barczak et al. 10 We also decided against matching by GenBank accession numbers, since corresponding probes and probe sets can be annotated by different accession numbers of the same UniGene, causing this procedure to exclude large amounts of potentially useful information. Comparison of oligo microarray platforms 
Comparison of oligo microarray platforms
J Schlingemann et al
When comparing unfiltered, log 2 -transformed expression ratios of individual patients, obtained with either GeneChip short oligonucleotide arrays or spotted long oligonucleotide arrays, we detected considerable variations in the degree of correlation ( Figure 2) . As reported previously, 10,44 these correlations improved after the exclusion of probes and probe sets associated with low signal intensities. This observation might, at least in part, be attributed to variations in the performance of individual array experiments.
Systematic bias adjustment by DWD could further improve the correlations between expression ratios (Table 4) . DWD is an advanced method for the adjustment of various systematic differences across microarray experiment subpopulations, including sample source, batch and platform effects, 27 which facilitates the merging of different data sets. DWD uses an approach similar to that of support vector machines (SVM), 45 but delivers improved performance in the context of high-dimensional, low sample size (HDLSS) data such as those obtained by microarray analyses. Both methods aim at finding a hyperplane in high-dimensional space, which separates defined subpopulations of data as completely as possible. The essential difference is that, while SVM tries to maximize the minimum distance (margin) of all the data to the separating plane, DWD works by maximizing the sum of the inverse distances. In this way, all data points have an influence on the result (optimized position of the hyperplane), and data piling at the margins is avoided, a problem associated with the minimum distance criterion of SVM. After determination of the DWD direction vector, all data points of each subpopulation are projected onto the direction given by this vector. Finally, data points from each subpopulation are shifted in the DWD direction by subtracting the DWD direction vector multiplied by their projected means, thereby effectively removing systematic variation while preserving any variation in the DWD direction not caused by systematic effects. Applied to our data, the DWD approach clearly and consistently improved cross-platform correlations while shifting the slopes of corresponding regression lines towards 1 ( Table 4 ). The latter effect was minimal in case both data sets had been normalized by the same algorithm (vsn), as this procedure not unexpectedly yielded slopes closest to one even before DWD. A slope close to one implies that genes are more likely to yield similar results (regardless of differential expression) on both of the investigated platforms. Further improvements of DWD performance can be anticipated for more Comparison of oligo microarray platformsextensive data sets, and we are confident that this method could greatly enhance agreement in future comparative studies.
Our goal was to compare reliable measurements from both systems, both of which can be regarded as detecting overlapping but different subsets of the actual set of differentially expressed genes. This was confirmed by EASE overrepresentation analysis, 30 which revealed that some of the differentially expressed genes could be assigned to the same 'theme' on both platforms, whereas others were exclusive to one of the platforms (Table 6 ). On each array system, approximately 50 genes were consistently and repeatedly scored as differentially expressed, and the intersection of these groups contained 21 common genes (Figure 4a) . The majority of genes restricted to one of the platforms showed no sufficient degree and/or significance, but at least the same direction of regulated expression on the other platform (Figure 4b ). Therefore, it does not matter if a clinical study uses Affymetrix or Operon long oligonucleotide arrays, as long as these are used consistently and combined with high quality control standards throughout the whole investigation.
For a subset of genes, we verified microarrayderived expression ratios by RQ-PCR and found good qualitative agreement between the two array platforms and the PCR-based method ( Figure 6 ).
We have shown that, overall, expression profiles obtained with either long (Operon) or multiple short (Affymetrix) oligonucleotide microarrays display a reasonable correlation, with variable concordance of individual genes. Based on patient samples, we obtained results that are in good agreement with previous studies that utilized cell line-derived RNA. Projecting these findings to a larger series of array experiments, one could expect to obtain similar albeit not identical results, concerning, for example, a hierarchical clustering or a gene expression signature, with either of the two investigated platforms. On the level of individual genes and quantitative precision, however, our results reaffirm that microarrays have to be considered a screening technology and that their data should be regarded with caution. This should be kept in mind particularly when comparing data from different array platforms. Recently, important progress has been made to facilitate this transfer of information. Guidelines provided by the 'Microarray Gene Expression Data Society (MGED)' (http://www.mged. org), which developed the 'Minimum Information About a Microarray Experiment (MIAME)' specifications, 46 assist researchers in the annotation of their microarray experiments. Further improvement is provided by public microarray repositories, which facilitate the publication and sharing of properly annotated gene expression data. Statistical methods like DWD 27 can further improve the comparability of microarray data sets, since systematic biases arising from platform-specific parameters, such as measurement precision (reproducibility), accuracy (regarding the 'true' values), specificity and sensitivity or differences in protocol performance, can be properly weighted and adjusted accordingly. The utility of future array studies could further improve if the 'External RNA Control Consortium (ERCC)' is successful in its effort to standardize controls for the calibration of microarray experiments. But ultimately, meaningful comparison, translation and integration of expression data will be impaired as long as industrial standards are missing for the production of arrays as well as for the design of array probes.
